Understanding cortical information processing in Huntington's disease (HD), a genetic neurological disorder characterized by prominent motor and cognitive abnormalities, is key to understanding the mechanisms underlying the HD behavioral phenotype. We recorded extracellular spike activity in two symptomatic, freely behaving mouse models: R6/2 transgenics, which are based on a CBA ϫ C57BL/6 background and show robust behavioral symptoms, and HD knock-in (KI) mice, which have a 129sv background and express relatively mild behavioral signs. We focused on prefrontal cortex and assessed firing patterns of individually recorded neurons as well as the amount of synchrony between simultaneously recorded neuronal pairs. At the single-unit level, spike trains in R6/2 transgenics were less variable and had a faster rate than their corresponding wild-type (WT) littermates but showed significantly less bursting. In contrast, KI and WT firing patterns were closely matched. An assessment of both WTs revealed that the R6/2 and KI difference could not be explained by a difference in WT electrophysiology. Thus, the altered pattern of individual spike trains in R6/2 mice appears to parallel their aggressive form of symptom expression. Both WT lines, however, showed a high proportion of synchrony between neuronal pairs (Ͼ85%) that was significantly attenuated in both corresponding HD models (decreases of ϳ20% and ϳ30% in R6/2s and knock-ins, respectively). The loss of spike synchrony, regardless of symptom severity, suggests a population-level deficit in cortical information processing that underlies HD progression.
Introduction
Huntington's disease (HD) is an autosomal dominant disorder caused by an unstable polymorphic repeat of the CAG trinucleotide (The Huntington's Disease Collaborative Research Group, 1993) . Patients with HD experience prominent motor symptoms such as chorea, dystonia, and bradykinesia as well as cognitive and psychiatric disturbances (Lawrence et al., 1996) . Although the pathological hallmark of HD is degeneration of striatum and other basal ganglia structures (Vonsattel et al., 1985) , morphological and functional changes in cerebral cortex may be fundamental to HD onset and progression (Lange et al., 1976; Sotrel et al., 1993; Paulsen et al., 2004; Feigin et al., 2006; Thiruvady et al., 2007) . In fact, research on genetic mouse models indicates that an HD phenotype is expressed only when cortical pathology is detectable (Laforet et al., 2001) .
In vitro electrophysiological studies have identified complex changes to ion channels and receptors that may ultimately render cortical neurons hyperexcitable (for review, see Cepeda et al., 2007) . Metabolic mapping (Cybulska-Klosowicz et al., 2004; Mazarakis et al., 2005) and slice preparation studies (Cummings et al., 2006 have shown that cortical plasticity is also impaired in HD mice. Despite evidence implicating cortical dysfunction in HD, there is no information on real-time cortical operations in a behaving HD system, which is fundamental to understanding the HD behavioral phenotype. Thus, we recorded cortical neuronal activity in two symptomatic mouse models: R6/2 transgenics, which express a robust set of motor and cognitive symptoms (Mangiarini et al., 1996; Carter et al., 1999; Lione et al., 1999; Murphy et al., 2000) , and an HD knock-in (KI) line, which shows a relatively mild symptom profile (Menalled et al., 2003; Dorner et al., 2007) .
We assessed several aspects of cortical information processing. At the level of individual neurons, we monitored spike rate, as an index of overall activation, and burst activity, which can include spike clusters of varying rates and duration. Bursts are especially important for information transmission and synaptic plasticity (Lisman, 1997; Izhikevich et al., 2003) , both of which are likely to be impaired in HD (Cepeda et al., 2007) . We also assessed interactions between pairs of neurons by monitoring spike synchrony (Perkel et al., 1967; Gerstein, 1999) , a property of neuronal populations (Sakurai, 1999) . In fact, neuronal synchrony is a dynamic event correlated with behavioral output (Sakurai and Takahashi, 2006) and is likely to be disrupted in HD. Because striatal neurons are driven primarily by glutamatergic cortical input (Kemp and Powell, 1971; Fonnum et al., 1981) , a detailed assessment of cortical activity may explain the abnormally high spike rate previously reported for R6/2 striatal neurons (Rebec et al., 2006) . We focused on the prefrontal cortex (PFC) because of its involvement in cognition (Dalley et al., 2004) , its substantial striatal projections (Sesack et al., 1989; Vertes, 2004) , and neuropsychological evidence implicating its dysfunction in HD patients (for review, see Lawrence et al., 1998) .
Materials and Methods
Animals. Data were obtained from two genetically engineered mouse models of HD and their respective wild-type (WT) littermates. Male R6/2 transgenic (B6CBA-Tg [HDexon1] 62Gpb/1J) and WT littermates (CBA ϫ C57BL/6) were obtained from The Jackson Laboratory between 5 and 6 weeks of age. After arrival, the mice were individually housed for the duration of the study. To confirm genotypes, tail samples of R6/2 and WT littermates were taken before perfusion (ϳ12 weeks of age). A total of 11 R6/2 and 13 WT were used for this study.
Homozygous KI mice were bred in our colony from heterozygous breeding pairs obtained from an established colony at the University of California, Los Angeles (Menalled et al., 2003) . Mice were weaned at 3 weeks of age, separated by sex, and housed with littermates. At ϳ8 weeks of age, tail samples for genotyping were obtained, and mice were transferred to individual housing for the duration of the study. A total of 18 KI male (n ϭ 8) and female (n ϭ 10) mice were used along with 13 male (n ϭ 7) and female (n ϭ 6) WT littermate (129sv) controls. KI and WT mice used in this spanned 20 different litters that were born over a 5.5 month time period.
All mice were housed in the departmental animal colony with ad libitum access to food and water and maintained on a 12 h light/dark cycle (lights on at 7:00 A.M.). All experimental procedures took place during the light cycle and were in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals and were approved by the Institutional Animal Care and Use Committee.
Genotype and CAG repeat length. Genomic DNA was extracted from tail tissue samples in 25 l of cell lysis buffer (50 mM Tris, pH 8.0, 25 mM EDTA, 100 mM NaCl, 0.5% IGEPAL CA-630, and 0.5% Tween 20) and proteinase K (10 mg/ml; 60 g/reaction) at 55°C for 2 h with gentle mixing after the first hour. DNA was diluted with 400 l of filtersterilized HPLC water, heated to 100°C for 10 min, centrifuged for 2 min at 17,000 ϫ g, and stored at 4°C. PCR and analytical agarose gel electrophoresis were used to determine CAG repeat length. Primers were 31329 (5Ј-ATGAAGGCCTTCGAGTCCCTCAAGTCCTTC-3Ј) and 33934 (5Ј-GGCGGCTGAGGAAGCTGAGGA-3Ј) (Mangiarini et al., 1996) . Each reaction consisted of 2.0 l of DNA template (40 -100 ng/l), 0.4 l of each primer (20 M), 7.2 l of filter-sterilized HPLC water, and 10.0 l of 2ϫ Biomix Red (Bioline USA) for 20 l of total volume. Cycling conditions were 94°C for 90 s followed by 30 cycles of 94°C for 30 s, 62°C for 45 s, and 72°C for 90 s with a final elongation at 72°C for 10 min. Electrophoresis of samples was performed in 3.0% NuSieve 3:1 analytical agarose (Lonza Rockland) with 0.2 g/ml ethidium bromide at 5 V/cm for 180 min using a 100 bp ladder as DNA standard.
Gels were evaluated with Kodak Image Station 4000R and Kodak Molecular Imaging software (Carestream Molecular Imaging) to confirm genotype and determine CAG repeat length. Using Clone Manager software (Sci-Ed Software), primers were aligned to the huntingtin gene sequence acquired from the National Center for Biotechnology Information (www.ncbi.nlm.nih.gov). Alignment of primers to template indicated that the DNA fragment amplified by PCR is 86 bp longer than the CAG repeat region. Computer analysis of fragment migration against the 100 bp standard showed that our R6/2 mice (n ϭ 16) had 111.3 Ϯ 1.6 (mean Ϯ SEM) repeated CAG codons. Our KI mice (n ϭ 11) had 125.3 Ϯ 2.3 CAG codons.
Surgery. All mice were prepared for electrophysiological recording at the approximate time of symptom onset in the HD models. Surgery was performed on the R6/2 line and its corresponding WT at ϳ6.5-7 weeks of age and on the KI line and its corresponding WT at ϳ15 weeks of age. All mice were anesthetized with chloropent (0.4 ml/100 g) and placed in a stereotaxic apparatus. The scalp was shaved and prepared with betadine solution. Lidocaine (0.1 ml) was injected subcutaneously at the surgical site, and an incision was made at the midline to expose the skull. Holes were drilled bilaterally over PFC 1.5 mm anterior and 0.5 mm lateral relative to bregma. Microwire bundles constructed of three 25 m Formvar-insulated recording stainless-steel wires and one 50 m uninsulated stainless-steel ground wire were lowered into the brain 1.4 mm from the surface of the cortex, targeting the anterior cingulate (Cg1) and prelimbic (PrL) regions of the PFC. These regions are associated with various cognitive functions in rodents (Dalley et al., 2004) and densely innervate the striatum (Sesack et al., 1989; Vertes, 2004) .
Bundles were attached to a custom plastic hub (6.0 mm diameter) via gold pins. The electrode assembly was chronically attached to the skull with screws and dental acrylic. Antibiotic cream was applied to the surgical site, and lactated Ringer's solution (1.0 ml) was injected subcutaneously to compensate for blood loss and prevent dehydration. All mice were allowed to recover from surgery for at least 7 d before electrophysiological recording. Animals were regularly monitored for signs of pain or complications during the recovery period.
Electrophysiology. After recovery, recording sessions routinely occurred once per week and ended for the R6/2-WT group when the animals reached ϳ12 weeks of age and for the KI-WT group at ϳ30 weeks of age. These ages encompass behaviorally symptomatic periods (Mangiarini et al., 1996; Rebec et al., 2002 Rebec et al., , 2003 Menalled, 2005; Dorner et al., 2007) without including the period of severe weight loss and disability that develops before death in the R6/2 model . During recording, the electrode assembly was connected to a light-weight, flexible wire harness, which was equipped with six field-effect transistors that provided unity-gain amplification to individual microwires. The harness was connected to a swiveling commutator that allowed the mouse freedom of movement throughout the recording session. Neuronal discharges were acquired by the Multichannel Acquisition Processor (MAP) system through a preamplifier (Plexon). The MAP system allows for direct computer control of signal amplification, frequency filtering, discrimination, and storage. To detect spiking activity, signals were bandpass filtered (154 Hz to 8.8 kHz) and digitized at a rate of 40 kHz. All spike sorting occurred online before the beginning of the recording session (Sort Client software from Plexon). After establishing a voltage threshold Ն2.5 times background noise, we collected a large number of waveform samples (ϳ100 -1000) and used principal component analysis to discriminate neurons. An oscilloscope and audio monitor were used to confirm that recorded signals were free of noise and that individual units were well isolated. Autocorrelograms and interspike interval (ISI) histograms were inspected to confirm the isolation of each unit. Collectively, these procedures indicated that template drift during a recording session was minimal; no off-line sorting was necessary.
All mice participated in multiple recording sessions, and units were often recorded on the same wire as a previous session. Day-to-day similarities in spike waveform and firing characteristics do not assure that the same neuron is being recorded, because slight electrode drift and subtle changes in behavioral state cannot be ruled out (Lewicki, 1998) . Thus, units recorded on different days were treated as different units.
Behavioral characterization. Because HD affects diurnal cycles of behavioral activity (Morton et al., 2005) , it is conceivable that any electrophysiological differences between HD and WT mice could be explained simply by differences in behavioral activity levels. Thus, we assessed videotapes made during our electrophysiological recording sessions on a subset of R6/2, KI, and respective WT mice (n ϭ 4 per group). Ages for mice from the KI line assessed ranged from 17 to 30 weeks (mean ϭ 22.6; SEM ϭ 0.72). Mice assessed from the R6/2 line were 7-10 weeks of age (mean ϭ 8.25; SEM ϭ 0.13). We monitored the amount of time engaged in exploratory behavior, which included bouts of locomotion, digging, and sniffing, over a 30 min period. We also quantified time spent grooming and resting.
Histology. The brains of all mice were harvested to verify electrode placement. Animals received an overdose of chloropent (2.0 times the surgical dose), and a small current (30 A) was passed through individual wires (ϳ10 s) to mark recording sites. Mice were then transcardially perfused with saline followed by 10% potassium ferrocyanide in 10% formalin. Brains were removed and cryoprotected in 30% sucrose in 10% formalin. They were frozen, cut into 50 -60 m sections on a sliding microtome, and mounted on gelatin-subbed slides for subsequent staining with cresyl violet and examination under a light microscope. Locations of lesions were compared with a stereotaxic atlas to determine placement of electrodes (Paxinos and Franklin, 2001) .
Data analysis. Cortical neurons can be classified by firing rate and waveform into faster-spiking [Ͼ10 spikes/s with narrow afterhyperpolarizations (AHPs)] and slower-spiking (Ͻ10 spikes/s with wide AHPs) units (McCormick et al., 1985; Connors and Gutnick, 1990; Jung et al., 1998; Homayoun et al., 2005; Homayoun and Moghaddam, 2007) , which are thought to correspond to interneurons and pyramidal cells, respectively (McCormick et al., 1985; Connors and Gutnick, 1990; Homayoun and Moghaddam, 2007) . To determine whether neurons with a firing rate Ͼ10 spikes/s represented a separate class of neurons, the average of 50 waveforms from each faster-spiking neuron was plotted, and the AHPs were measured. These data were compared with a random sample of AHPs from those classified as slower-spiking cells based on firing rate.
Time stamps from neuronal data were analyzed with NeuroExplorer software (NEX Technologies). To characterize the spontaneous activity of neurons in PFC, we analyzed overall firing rates, variability, and bursting as well as spike synchrony. Firing rates were calculated by dividing the total number of spikes by the length of the entire recording session. Spike-train variability was assessed by calculating the coefficient of variation (CV) of the ISI for each individual spike train. CV ISI was calculated by dividing the SD of the ISI by the mean ISI in the spike train across the entire recording session (Young et al., 1988) . A larger CV ISI value indicates more variability and thus a more irregularly firing neuron (Homayoun et al., 2005) .
We used the burst surprise algorithm to detect and quantify bursting activity of spike trains. This algorithm uses a probability-based approach to burst detection that compares successive ISIs in a spike train to a Poisson spike train with the same firing rate. If a set of consecutive ISIs occurs with a sufficiently low probability, the event is considered "surprising" and classified as a burst. The algorithm requires the investigator to set a minimum surprise value that must be exceeded for an event to be classified as a burst (Legéndy and Salcman, 1985) . We used a value of 5 as our minimum surprise, which corresponds to the burst occurring ϳ150 times more frequently ( p Ͻ 0.007) than in a Poisson distribution with the same firing rate (Homayoun et al., 2005) . Bursting properties that we analyzed included burst rate, percentage of all spikes that occurred in bursts, mean burst surprise, mean burst duration, mean ISI in a burst, mean burst frequency, and mean number of spikes per burst.
Synchrony was analyzed by constructing cross-correlation histograms (Ϯ500 ms, 1 ms bin width) between simultaneously recorded units (Perkel et al., 1967) . A pair of neurons was considered synchronous if there was a clear peak that exceeded the 99% confidence limit as described previously (Abeles, 1982) . Because we were interested in how local populations of neurons process information, we only analyzed synchrony between neurons that were recorded ipsilaterally. Furthermore, because we cannot detect simultaneous spikes recorded from pairs of neurons on the same wire, neuronal pairs recorded from the same wire were excluded from synchrony analysis. Also note that we view synchrony in terms of simple coactivation of pairs of neurons and make no assumptions about anatomical connectivity (Hampson and Deadwyler, 1999) .
Statistical analysis. All statistical analyses were made using GraphPad Prism (GraphPad Software). Open-field behaviors were compared using a two-way ANOVA (group ϫ behavior). Nonparametric Mann-Whitney U tests were used to compare AHP of fast-spiking and regularspiking cells as well as firing rates, bursting, and spike-train variability data between the HD and WT mice in both lines. Nonparametric statistical approaches were preferred because of the significant deviation from normality and a lack of homogeneous variances that existed in our spike data (Zar, 1999 ). Pearson's 2 test was used to determine differences in the proportions of synchronous neurons between HD and corresponding WT animals.
Results
All mice were behaviorally active for the duration of all recording sessions. Exploratory activity (locomotion, sniffing, and occasional digging) predominated between brief bouts of grooming and resting. This general behavioral pattern appeared in both HD lines and their respective WTs; there was not a significant group main effect in the amount of time engaged in exploration, grooming, or resting ( Fig. 1) ( p Ͼ 0.05), making it unlikely that the level of behavioral activity alone could explain any group neuronal differences. As expected, however, HD mice were symptomatic, showing hindlimb flicks, tremor, and motor slowness, as reported previously (Mangiarini et al., 1996; Carter et al., 1999; Rebec et al., 2002 Rebec et al., , 2003 Dorner et al., 2007) . These symptoms were more pronounced in R6/2 mice, consistent with the more aggressive form of HD that appears in this line . Also consistent with previous data on inbred mouse strains (Holmes et al., 2002) , the R6/2 WT (CBA ϫ C57BL/6) (Mangiarini et al., 1996) showed a more varied behavioral repertoire (digging, rearing, running, and walking) than the KI WT (129sv) (Menalled et al., 2003) .
Neuron characteristics
We recorded a total of 489 neurons: 186 from the transgenic (R6/2, n ϭ 90; WT, n ϭ 96) and 303 from the KI (KI, n ϭ 162; WT, n ϭ 141) lines. Histological analysis confirmed that all electrode placements were in Cg1 and PrL; most electrodes were placed between 2.6 and 1.8 mm anterior to bregma (Fig. 2 A) . Data obtained from electrodes placed in Cg1 were compared with those from electrodes in PrL, and it was determined that there were no differences between the regions. Because we used both sexes of the KI line, we analyzed their neuronal data for evidence of a sex difference, but found none. Thus, KI data include males and females in both KI and WT groups. Cortical neurons can be classified by firing rate and waveform as either faster-spiking (Ͼ10 spikes/s) units with narrow AHPs or slower-spiking (Ͻ10 spikes/s) units with relatively wide AHPs (McCormick et al., 1985; Connors and Gutnick, 1990; Homayoun and Moghaddam, 2007) . Our firing rate analysis revealed a total of 49 faster-spiking units, accounting for ϳ10% of the total (49 of 486) and distributed relatively evenly across each of our four groups of mice. An average of 50 waveforms from each fast-spiking unit were plotted, measured, and compared with a random sample of AHPs from slower-spiking units. We found no difference in AHPs ( p Ͼ 0.05), and thus did not distinguish between fastand slow-spiking units in all subsequent analyses. Thus, all recorded neurons appear to represent a homogeneous population, most likely pyramidal cells (McCormick et al., 1985; Connors and Gutnick, 1990; Homayoun and Moghaddam, 2007) . Representative waveforms are displayed in Figure 2 B.
Background strain comparisons
We first tested for influence of genetic background by comparing the respective WTs: CBA ϫ C57BL/6 hybrid in the case of the R6/2 line (Mangiarini et al., 1996) and the 129sv strain in the case of the KI line (Menalled et al., 2003) . Generally, C57BL/6 mice tend to perform better on learning and memory tasks and show more robust synaptic plasticity in the hippocampus than most other strains, including CBA and 129sv (Crawley et al., 1997; Holmes et al., 2002; Nguyen, 2006) . The 129sv mice also exhibit less exploratory and locomotor behavior than C57BL/6J mice (for review, see Holmes et al., 2002) . Figure  3 , A and B, shows that the 129sv had a faster spontaneous firing rate and greater burst rate than the CBA ϫ C57BL/6 ( p Ͻ 0.01). Bursting appears to occur differently in each strain, because some aspects of burst structure were also different (Table 1) . Burst duration and the ISI within a burst, for example, were both greater in the CBA ϫ C57BL/6 ( p Ͻ 0.001), whereas 129sv mice had a faster firing rate within a burst ( p Ͻ 0.001). Importantly, there was no significant difference between spike train variability, number of spikes per burst, the percentage of spikes occurring in bursts, or the burst surprise value ( p Ͼ 0.05). Also, both WTs had comparable levels of spike synchrony: 89% in CBA ϫ C57BL/6 and 93% in 129sv ( 2 ϭ 0.759; p Ͼ 0.05). Thus, although aspects of information processing may be different in each strain, bursting and spike synchrony are prominent features of PFC neurons regardless.
Firing rate and spike-train variability in HD
Spontaneous firing rates during a recording session for all units in all groups of HD and WT mice are shown in Figure 4 . A significant increase in rate relative to WT emerged in R6/2 ( p Ͻ 0.01) but not KI mice. A similar outcome characterized our assessment of spike-train variability: R6/2 ( p Ͻ 0.01) but not KI mice had a significantly lower CV compared with their respective WT (Table  1) . Thus, only R6/2s show a faster overall rate and a less variable pattern of firing than WT.
Burst activity in HD R6/2 mice also differed from WT littermates in burst activity. As shown in Figure 5 A-C, WT mice displayed significantly more bursting ( p Ͻ 0.05), a greater percentage of spikes participating in bursts ( p Ͻ 0.001), and a higher burst surprise value ( p Ͻ 0.05) than R6/2s. It appears, therefore, that bursts are a common property of cortical activity in WT controls, whereas R6/2 mice rely on a relatively regular pattern of individual spikes. Interestingly, however, when a burst occurred in R6/2 mice, it was not structurally different from a WT burst. Table 1 , for example, shows no significant WT and R6/2 differences related to burst duration or to within-burst events such as spike frequency, number of spikes, and ISI. In contrast, no aspect of burst activity differed from WT controls in the KI line. Figure 5 D-F shows virtually identical burst activity in these groups. Similarly, the structure of individual bursts was not different (Table 1) .
Key features of spike-train activity are shown in representative 10 s raster plots recorded from individual mice (Fig. 6 A, B) . For the transgenic comparison (Fig. 6A) , burst activity, highlighted in gray, is a prominent feature of WT, but not R6/2, spiking. Also note that the R6/2 spike train contains more spikes, reflecting the increase in rate, and the ISIs appear less variable than WT. The WT and KI comparison (Fig. 6B) , however, reveals remarkably similar burst and spike activity.
Synchrony in HD
To characterize synchronous activity among local populations of neurons, we constructed cross-correlation histograms whenever two or more units were recorded ipsilaterally. We excluded neurons recorded on the same microwire, because simultaneous spikes from such recordings cannot be distinguished. These restrictions allowed us to analyze 100 cross-correlation histograms in the transgenic (48 WT and 52 R6/2) and 140 cross-correlation histograms in the KI (91 WT and 49 KI) groups.
Pairs of PFC neurons recorded from WT controls for both R6/2s and KIs show a high degree of synchronous discharges as indicated by tall, sharp central peaks in individual crosscorrelation histograms. Representative examples are shown in Figures 7 A and 8A . A magnified view showing the 99% confidence limit (black dashed line) and expected mean (white dashed line) is presented in Figures 7C and 8C . Note in both cases that the central peak is well beyond the 99% confidence limit. Rasters shown in Figures 7 E and 8E illustrate the high degree of temporally precise discharges evident in WT neuronal pairs. In fact, 89% of neuronal pairs were synchronous in WT mice from the R6/2 line, and 93% were in those from the KI model. Synchrony was much less common, however, in both lines of HD mice. Note the lack of a central peak for the R6/2 and KI recordings shown in Figures 7, B and D, and 8, B and D, respectively, and the absence of temporal precision among neuronal pairs (Figs. 7 F, 8F ) . Only 68 and 58% of neuronal pairs were synchronous in the R6/2 and KI models, respectively. Overall, a significantly greater proportion of synchronous discharges were detected in the WTs compared with their respective R6/2 ( 2 ϭ 8.23; p Ͻ 0.01) and KI ( 2 ϭ 26.91; p Ͻ 0.01) littermates. Notably, there was not a significant difference in synchrony between the R6/2 and KI mice ( 2 ϭ 1.60; p Ͼ 0.05). The decline in spike synchrony in both HD lines indicates impaired processing of information by PFC neuronal populations.
Electrophysiological changes in early-versus latesymptomatic R6/2 mice Unlike KI mice, which show a relatively stable behavioral phenotype across the age ranges tested here (Menalled et al., 2003; Dorner et al., 2007) , R6/2s show a more dynamic pattern characterized by relatively mild symptoms at ϳ8 weeks of age that become severe several weeks later Lione et al., 1999) . Thus, we evaluated R6/2 electrophysiological data collected during early (7-9 weeks; n ϭ 33 units) and late (10 -12 weeks; n ϭ 57 units) symptomatic stages. Figure 9A shows that there was no significant difference in firing rate of neurons recorded from 7-to 9-week-old and 10-to 12-week-old R6/2s ( p Ͼ 0.05), and there was no difference in spike-train variability ( p Ͼ 0.05). Burst The left edge of the box is the 25th percentile, the center line is the median (50th percentile), and the right edge is the 75th percentile. The far left whisker extends to the lowest value in the distribution and the far right to the highest value. Asterisks indicate statistically significant differences between medians based on a Mann-Whitney U test. A, WT mice from the KI line (129sv) had a significantly faster spontaneous firing rate than those from the R6/2 line (CBA ϫ C57BL/6; **p Ͻ 0.01). B, 129sv mice had a significantly greater burst rate than CBA ϫ C57BL/6 mice (**p Ͻ 0.01). activity also was equivalent in both age groups, as demonstrated by burst rate (Fig.  9B ) ( p Ͼ 0.05), percentage of spikes occurring in bursts (Fig. 9C) ( p Ͼ 0.05), and burst surprise values (Fig. 9D) ( p Ͼ 0.05). Synchrony also was comparable across age ( 2 ϭ 0.167; p Ͼ 0.05): 73% of neuronal pairs were synchronous in early-and 67% in latesymptomatic mice. Thus, changes in cortical activity in R6/2 mice are evident early and persist throughout the disease process.
Discussion
Our results indicate impaired information processing in PFC of behaviorally active, symptomatic HD mice. In fact, the impairment extends beyond the level of individual neurons to suggest a problem of communication between neurons. Thus, although changes occur at the single-unit level, they occur in R6/2s, which have an especially robust symptom profile, but not in KI mice, which express a relatively mild phenotype throughout. In both models, however, interneuronal processing is severely impaired as revealed by a reduction in spike synchrony. Thus, despite differences in behavior and genetic background, these models suggest a processing deficit in PFC neuronal populations as a key feature of HD.
Differences in PFC activity of background strains KI WT mice (129sv) appear to have a greater firing and burst rate relative to those from the R6/2 line (CBA ϫ C57BL/6). Differences in burst structure also exist between the WTs. This is not surprising given their differences in behavior and physiology (Crawley et al., 1997; Holmes et al., 2002; Nguyen, 2006) . Other important properties, such as spike variability, percentage of spikes occurring in bursts, and burst surprise values, are not different. Therefore, the few differences in singleunit activity that exist in WTs cannot account for the complex alterations in individual neurons of R6/2 but not KI mice. Synchrony in both lines, moreover, is comparable with ϳ90% of neurons discharging synchronously.
Altered single-unit patterns in R6/2
The elevated firing rate we observe in R6/2s is consistent with in vitro studies indicating that cortical pyramidal neurons are hyperexcitable (for review, see Cepeda et al., 2007) . Furthermore, increased cortical activity may explain the elevated discharge rate in striatum of R6/2s (Rebec et al., 2006) as striatal neurons receive massive excitatory input from cortex (Fonnum et al., 1981). Our findings are also consistent with human imaging studies demonstrating PFC hyperactivity in HD (Feigin et al., 2006) . Although burst structure in HD mice was not different from WT, significant decreases in burst rate and percentage of spikes occurring in bursts for R6/2s indicate that bursting is less prominent than in WT. Furthermore, when a burst occurs in R6/2s, it is less salient relative to background spiking, as indicated by decreased burst surprise (Legéndy and Salcman, 1985) . Because bursting is important for synaptic plasticity and information encoding (Lisman, 1997; Izhikevich et al., 2003) , decreased bursting in R6/2s is consistent with reports indicating compromised plasticity in HD cortex (Cybulska-Klosowicz et al., 2004; Mazarakis et al., 2005; Cummings et al., 2006 Cummings et al., , 2007 Crupi et al., 2008) . Our data extend these findings by indicating compromised information encoding in R6/2 PFC neurons.
The changes in firing rate, spike-train variability, and bursting in R6/2s are nearly identical to changes seen in PFC of rats treated systemically with the NMDA antagonist (ϩ)-5-methyl-10,11-dihydro-5H-dibenzo [a,d] cyclohepten-5,10-imine maleate (MK-801) (Jackson et al., 2004; Homayoun et al., 2005; Homayoun and Moghaddam, 2007) . These two models also exhibit behavioral similarities. MK-801 administration, for example, results in an increase in behavioral stereotypies (Jackson et al., 2004) . Behaviors in R6/2 mice are also highly stereotyped, such as the hindlimb flick and decrease in spontaneous turning (Rebec et al., 2003) . Evidence suggests that dysregulated firing patterns caused by MK-801 result from decreased activation of inhibitory interneurons, leading to pyramidal disinhibition (Homayoun and Moghaddam, 2007) . Interestingly, decreased inhibition of pyramidal cells by interneurons also occurs in conditional KI HD mice (Gu et al., 2005) . Metabotropic glutamate receptor 2/3 (mGluR2/3) agonists reverse the neural and behavioral effects of MK-801 (Homayoun et al., 2005) . In R6/2 mice, mGluR2/3 autoreceptors, which inhibit glutamate release (Schoepp et al., 1999) , are downregulated in cortex and striatum (Cha et al., 1998) , and chronic treatment with mGluR2/3 agonists increases survival time and mildly improves some phenotypic behaviors (Schiefer et al., 2004) . It is conceivable that the altered firing patterns observed in R6/2s result from the combination of decreased inhibition of glutamate release and reduced inhibition of pyramidal cells by interneurons. These mechanisms could contribute to the behavioral phenotype expressed in R6/2s (see also Cepeda et al., 2007) . When combined with deficient glutamate uptake in the striatum (Liévens et al., 2001; Miller et al., 2008a) , increased PFC activity could account for striatal hyperactivity in R6/2s (Rebec et al., 2006) . Increased firing, moreover, leaves striatal neurons vulnerable to excitotoxicity, which is common in HD (DiFiglia, 1990). B, These sharp peaks were often noticeably absent in R6/2 mice. C, D, Enlarged cross-correlation histograms from WT and R6/2 mice displaying the expected mean (white dotted line) and 99% confidence limit (black dashed line). E, F, Example 1 s rasters from WT and R6/2 mice. Calibration: 250 ms. At this time scale, it is apparent that synchronous spiking (highlighted in gray) occurs often in WT mice (E), but not in R6/2 mice (F). Sig refers to a signal recorded from a single unit.
Disruption of neuronal population activity in HD
Because synchrony was reduced in both R6/2 and KI mice, it may be a more reflective measure of the underlying cellular pathology in HD than firing rate or bursting. Thus, a loss of cortical synchrony is likely a robust feature of HD, despite differences in gene expression and phenotype between transgenic and KI models (Hickey and Chesselet, 2003) . Synchrony is thought to represent information coding by neuronal populations that may be undetectable in single-unit activity (Sakurai, 1999) . In monkeys, a high proportion of PFC neurons fire synchronously during a working memory task retention period, even when firing rate of single neurons does not change (Sakurai and Takahashi, 2006) . Furthermore, Thiruvady et al. (2007) reported that activation between PFC subregions during a cognitive task is poorly correlated in HD. Thus, synchronous activation appears to be an important property of neuronal populations in the production of normal behavioral output. Although our results were obtained from putative pyramidal neurons, it would be interesting to assess activity of interneurons given their role in cortical synchrony (Hestrin and Galarreta, 2005) and evidence of disruption in HD (Gu et al., 2005) . Our sample, however, does not appear to contain interneurons, which is not uncommon for in vivo cortical recordings (Contreras, 2004) .
One could argue that reduced synchrony reflects differences in firing rate between HD and WT mice, but this is unlikely because the probability that spikes from one neuron would occur in close temporal proximity to spikes from another neuron (i.e., synchronously) increases with faster firing rates. In fact, although R6/2s have a faster firing rate than WT, there was a reduction in synchrony. Additionally, 129sv mice had an increased firing rate relative to CBA ϫ C57BL/6, yet synchrony was not different. Our experimental methods, moreover, limit the possibility that differences in synchrony occur by chance. For one, recordings occurred while mice were freely behaving, and no stimuli were presented that could comodulate the firing rate of a pair of neurons to produce synchrony (Gerstein, 1999) . Also, data were continuously recorded over a 1 h period, providing a large sample to construct cross-correlation histograms for an accurate reflection of population activity. Finally, our spikesorting paradigm ensured that templates represented a single neuron and were free of noise. Thus, reduced synchrony is likely a real property of PFC neurons in HD.
The corticostriatal pathway and symptom severity Preliminary data from recordings in behaving R6/2 and KI mice have revealed that striatal neurons exhibit decreased bursting and synchrony (Miller et al., 2008b) . Because KI mice do not exhibit bursting changes in PFC, it is tempting to speculate that alterations occur in striatum before cortex in HD. One could also argue, however, that striatal neurons require coincident excitation from cortex or thalamus to bring them into a depolarized up-state for bursting to occur (Wilson and Kawaguchi, 1996) . Reduced synchrony in cortex could lead to a lower probability of coincident excitation of striatal neurons, suggesting that reduced bursting in HD striatum (Miller et al., 2008b ) may be a consequence of reduced cortical synchrony.
Our data also suggest that alterations of PFC activity are related to symptom severity. PFC information processing may be altered at the population level in HD when symptoms are relatively mild, as modeled by reductions in synchrony in KI mice. More severe forms of HD, represented by the R6/2 model, would be characterized by additional changes to individual neurons, such as rate, spike variability, or bursting. This relationship between symptom severity and PFC alterations is consistent with studies demonstrating that cortical changes are necessary for the development of the HD phenotype (Laforet et al., 2001) . It is possible that KI neurons develop rate and burst changes at an older age, when behavioral abnormalities become more apparent (Menalled et al., 2003) .
Conclusion
Electrophysiological analysis of PFC activity in behaving, symptomatic mouse models of HD and their corresponding WTs reveals information-processing deficits at both the single-neuron and population levels. In single neurons, the rate and pattern of firing appear to reflect symptom severity, because they are altered in R6/2 mice, known for their severe symptom profile, but not KI mice, which display a mild phenotype. Consistent with this view, well known behavioral differences between the CBA ϫ C57BL/6 hybrid and the 129sv WTs were accompanied by single-unit differences in firing rate and pattern. Both WTs, however, showed similar amounts of synchronous activity between simultaneously recorded neurons, whereas synchrony was significantly reduced in both HD models. Thus, deficits in interneuronal communication are a common feature of the R6/2 and KI models despite differences in symptom profile and genetic background. It appears, therefore, that a populationlevel deficit in neuronal information processing in PFC is an underlying feature of the HD behavioral phenotype.
